Corrosion of reinforcing steel in concrete can alter the interface between the steel and concrete and 8 thus affects the bond mechanism. This subsequently influences the behaviour of reinforced 9 concrete structures in terms of their safety and serviceability. The present paper attempts to 10 develop a numerical method that can simulate the behaviour of reinforced concrete walls subjected 11 to steel corrosion in concrete as measured by their load-deflection relationship. The method 12 accounts for the effects of corrosion on the stiffness, maximum strength, residual strength and 13 failure mode of the bond between the steel and concrete. In the numerical method, the 14 corrosion-affected stiffness and maximum strength of bond are explicitly expressed as a function 15 of corrosion rate. It is found in this paper that the increase in the bond strength due to minor 16 corrosion can increase the load-bearing capacity of the wall and the corrosion-affected reinforced 17 concrete walls exhibit less ductile behaviour compared with the uncorroded ones. The paper 18 concludes that the developed numerical method can predict the behaviour of corrosion-affected 19 reinforced concrete sea walls with reasonable accuracy. 
INTRODUCTION 32 33
Coastal structures, such as sea walls and breakwaters, are essential structural components of sea 34 defences against flooding and erosion. These structures are subjected to increased magnitude and 35 frequency of hydrodynamic actions, larger overtopping flows and increased stresses within the 36 structures. The situation is exacerbated when reinforced concrete (RC) walls deteriorate due to 37 steel corrosion of concrete, which significantly contributes to the premature failure of the walls. 38
One of the significant examples of sea wall failures could be the catostrophi failure of levee system 39 in New Orleans in 2005 which caused 80% of New Orleans flooded. The consequence of failures 40 of sea walls is catastrophic and the impact on the economy is substantial. For example, in the UK at 41 least 3 million people live below 5 meter contour whose life will be at risk if there is a coastal 42 flooding (Purnell 1996) .. It is estimated that the total loss in an event of tidal flood at the east coast 43 of the UK could be 6-10 billion US dollars (Purnell 1996) . 44
45
Corrosion of reinforcing steel in concrete is one of the main causes of premature deterioration of 46 RC structures (Chaker 1992) , causing concrete cracking, delaminating and de-bonding. Extensive 47 research has been carried out on the mechanism of steel corrosion and its effect on concrete 48 cracking (Li et mechanical interlock which also degrades. The effect of corrosion on bond strength has been 54 reported to be very significant. For example, 2% loss in diameter of the steel bar can cause 80% 55 reduction in bond strength (Auyeung et al 2000) . A literature review (Amleh and Mirza 1999; 56 Auyeung et al 2000; Maaddawy et al. 2003) suggests that most current studies on the effect of 57 and concrete as well as the corrosion effect on it, the steel is explicitly modelled in this paper. For 136 this purpose, a bilinear constitutive relationship is adopted for the steel bar as shown in Figure 2 . 137
138
The effect of corrosion on reinforcing steel bar is considered by reducing its cross-sectional area. 139
The effect of corrosion on the strength of steel is negligibly small and hence not considered in this 140
paper. The reduction of the cross-sectional area of the steel bar can be calculated as follows 141 (Mangat and To determine the constitutive relation of the bond, that is, the bond stress-slip curve, FIB (2010) 147 developed a nonlinear model as shown in Figure 3 . The curve has a nonlinear increase of bond 148 stress until the maximum bond stress max τ . This stage refers to the mechanism of local crushing and 149 microcracking due to the penetration of the ribs of the steel bar. The nonlinearity with decreased 150 slope, i.e., stiffness, particularly implies the damage process. The bond stress then keeps constant 151 for certain range of slip normally under confined condition. This stage corresponds to the advanced 152 and continued crushing and tearing off of the concrete. If there is a lack of confinement or 153 subjected to deterioration, this horizontal line will become inclined indicating a splitting failure 154 rather than pull-out failure. After that, the bond stress decreases until a much lower constant level 155 f τ . This is a typical mechanism for pull-out failure, i.e., the steel bar in concrete is well confined. 156
The splitting failure normally has lower bond strength. For many concrete structures, the 157 load-bearing reinforcing steel is well confined with stirrups and/or sufficient concrete cover. 158
Therefore, pull-out failure can be normally expected without consideration of material 159 deterioration, e.g., steel corrosion. The parameters in Figure 3 Figure 3 , the initial nonlinear increase in the bond stress-slip relationship can be expressed as 164
where s is the slip, and 1 s are α constants defined in Table 1 . 167
168

EFFECT OF CORROSION ON BOND 169 170
The bond between the reinforcing steel and concrete plays a vital role in the mechanical behaviour 171 of RC structures (Sanchez et al. 2010) . In most of the structural design codes, the bond is assumed 172 to be intact without consideration of any bond loss induced by corrosion and/or cracking. In 173 practice, when a RC structure is subjected to steel corrosion, the corrosion products will normally 174 alter the condition of the interface between the reinforcing steel and concrete and hence the 175 frictional components of the bond. This can significantly reduce the bond strength at a later stage of 176 corrosion even though some experimental results (FIB 2000) suggest that the bond strength can be 177 enhanced slightly under minor corrosion -up to 4% degree of corrosion by mass loss (Almusallam 178 et al. 1996; Rodriguez et al. 1994 ) -due to the increase of the friction between the steel bar and 179
concrete. In addition to the bond strength, corrosion can affect all the other parameters that define 180 the constitutive relationship of the bond, i.e., Figure 3 As discussed above concrete is considered to be cracked once the tensile stress in concrete 294
(maximum principal stress for current problem) reaches the tensile strength ' t f but does not lose all 295 of its strength since the concrete is assumed to be quasi-brittle. The tensile stress in concrete will 296 gradually decrease to zero. In this study, the cracks of concrete are assumed to be smeared in the 297 concrete, with reducing level of the tensile stress while the strain increases. The crack propagation 298 of concrete is controlled by energy dissipation, as shown in Figure 8 Table 2 . Load is applied at the top of the wall. With these values the load-deflection 316 relation of the walls without and with steel corrosion can be obtained from the FEA and shown in 317 Figure 9 with three degrees of corrosion, i.e., 0%, 4% and 8%. From Figure 9 , it can be seen that at 318 about 50 mm deflection, the load for the walls with both degrees of corrosion (4% and 8%) starts to 319 decrease whilst the load for the wall without corrosion continues to increase, suggesting that 320 corrosion has caused bond deterioration. It can also be observed that after about 100 mm 321 deflection, the load-bearing capacity of the wall with corrosion is smaller than that without 322 corrosion, with that of 8% corrosion the lowest, suggesting the higher degree of corrosion, the 323 greater the bond loss. It is clear that the corrosion with the degree greater than 4% can reduce the 324 load-bearing capacity of RC walls. With minor corrosion (<4%), the load carrying capacity of the 325 wall is more or less the same, regardless of the corrosion. However the load-bearing capacity starts 326 to "degrade" at much smaller value of deflection compared to that of uncorroded sea wall. It is also 327 clear that the behaviour of corroded walls (both 4% and 8% corrosion) is slightly less ductile than 328 that of the uncorroded ones, with regards to the ability to soften. This can be attributed to the 329 default failure modes in FEA, i.e., splitting failure mode is assumed for the corrosion-affected bond 330 deterioration while pull-out failure mode is adopted for uncorroded bond. 331 332 Based on the model of corrosion rate corr i proposed in Li (2000) and shown in Table 2 , the bond 333 strength (normalised by the maximum value of bond strength) can be directly expressed as a 334 function of time from Equation (6) which is shown in Figure 10 . It can be seen that the 335 corrosion-affected bond strength slightly increases to nearly 1.2 of its original bond strength, 336 followed by a nonlinear decrease at about 40 years. This suggests that corrosion initially increases 337 the bond strength but later reduces it, the extent of which largely depends on the corrosion rate. 338 339 To verify the above numerical results, data are obtained from experiments which were conducted 340 on specimens with structurally significant size (i.e., a representative of real structures) to 341 investigate steel corrosion in concrete and its effects on structural performance. The dimension of 342 specimens was 1000 × 2000× 150 mm. There were a total of 22 specimens loaded to failure at 343 different degrees of corrosion. The typical cross-section of the specimen is shown in Figure 11 . 344 Three concrete covers were used, i.e., 30 mm, 40 mm and 50 mm with the ratio of concrete cover to 345 steel bar diameter being 3, 4 and 5 respectively. The material properties of concrete and 346 reinforcing steel are listed in Table 3 . To simulate the working conditions of sea walls, a large 347 environmental chamber was constructed to house the specimens. As schematically shown in Figure  348 12, the specimens were wet by salt water spray in the chamber and dried alternatively. A pair of test 349 specimens was loaded through two rods at top of the wall so that the specimen walls were subjected 350 to simultaneous corrosion and service loading. Service load applied to the wall is the design load The effects of the degree of corrosion on the load-deflection relation for test specimens are also 387 examined. Based on the calibration method proposed in Li (2000) , the accelerated time for 388 corrosion can be translated to natural time for corrosion, using an accelerated factor of 50, i.e., 1 389 cycle = 50 days. For example, 8 months accelerated corrosion (2 cycles per day) is equivalent to 34 390 years in natural time, from which and according to Equation (11), the averaged corrosion rates at 391 year 34 are 2.12 µA·cm -2 for 30 mm cover, 1.57 µA·cm -2 for 40 mm cover and 2.63 µA·cm -2 for 50 392 mm cover. Substituting these corrosion rates into Equation (1), the diameter losses of steel bar are 393 calculated to be 0.84 mm for 30 mm cover, 0.62 mm for 40 mm cover and 1 mm for 50 mm cover 394 respectively. These reduced diameters of the steel bars are used in the FEA. Four points in time, 395
i.e., 20 years, 34 years, 50 years and 70 years are chosen to evaluate the corrosion effect. The 396 results are presented in Table 5 . converged results of FEA that involves excessive materials damage, the numerical simulation does 407 not normally go as far as the experiments, i.e., the wall fails at smaller deflection for the numerical 408 modelling compared to that for the experiments. Also from Table 5 , the degree of corrosion for 409 specimens 30 mm, 40 mm and 50 mm concrete cover is 2.67%, 2.30% and 2.97% respectively (all 410 < 4%). The nominalized bond strength therefore has increased 1.06, 1.05 and 1.08 respectively. 411
This partially explains why the specimens with 50 mm concrete cover have the highest 412 load-bearing capacity, followed by specimens with concrete covers of 30 mm and 40 mm. It is of 413 interest to note that the load-bearing capacity depends more on bond strength than on concrete 414 covers which makes sense according to RC theory. 
